Introduction
Nano/microscale materials have attracted much attention because of their potential applicability ranging from fundamental science to engineering applications. They are expected to exhibit remarkable optical, electrical, magnetic and mechanical properties (Kreibig & Vollmer, 1995; Le Ru & Etchegoin, 2009; Lu et al., 2009; Cushing et al., 2004) . For example, surface-enhanced Raman scattering (SERS) can be a highly sensitive detection tool for a small amount of substrate (Le Ru & Etchegoin, 2009; Albrecht & Creighton, 1977; Haynes et al., 2005; Nie & Emory, 1997) . Chemical synthesis of inorganic materials with conventional and novel morphologies has been developed for crucial applications such as catalysts, medicine, electronics, ceramics, cosmetics and bio-sensing using SERS. Recently, many structured nanoparticles and nanostructures, such as nanorods, nanowires, nanoribbons, nanobelts, nano-flowers and caltrop particles, have been synthesized by various techniques (Lu et al., 2009; Cushing et al., 2004; Gedanken, 2004; Nagata et al., 1992; Wagner & ISSN 1600-5775 # 2019 International Union of Crystallography Kö hler, 2005; Suslick et al., 1991; Bang & Suslick, 2010; Caruso et al., 2002; Mori et al., 2004; Tu & Liu, 2000; Yamamoto et al., 2004; Okitsu et al., 2001; Frens, 1972; Frens, 1973; Athawale et al., 2005; Tsuji et al., 2005; Takami et al., 1999; Hashimoto et al., 2011; Bae et al., 2002; Fievet et al., 1989; Figlarz et al., 1985; Wiley et al., 2004; Kvítek et al., 2008; Hara et al., 2014; Ma et al., 2000; Rosenberg et al., 1998; Borse et al., 2004a Borse et al., ,b 2004 Lee et al., 2003; Remita et al., 2005 Remita et al., , 2007 Dey, 2005 Dey, , 2011 Bá rta et al., 2010; Yamaguchi et al., 2015 Yamaguchi et al., , 2016a Yamaguchi et al., ,b, 2017 Bharti et al., 2016; Zhang et al., 2014; Zhang et al., 2005; Su et al., 2014; Poizot et al., 2000; Volanti et al., 2008; Kim et al., 2010; Park et al., 2012; Clay & Cohen, 1998; Long et al., 2009; Dar et al., 2009; Yeh et al., 1999; Radi et al., 2010; Izaki et al., 2007; Fleisch & Mains, 1982; Tamaki et al., 1998; Zaman et al., 2011 Zaman et al., , 2012 Shao et al., 2007; Zhang et al., 2006; Lisiecki & Pileni, 1993; Brookshier et al., 1999) .
In particular, the synthesis of cupric oxide particles has attracted considerable attention due to their fundamental importance and potential future applications (see references above). For example, cupric oxides (e.g. Cu 2 O and CuO) are used in the anodes of lithium ion cells, combined with ZnO in heterostructure solar-cell panels and incorporated into gas sensors because they are p-type semiconductor materials with narrow band gap energy (Izaki et al., 2007) . Clay & Cohen (1998) synthesized CuO nanoclusters within films of diblock copolymers. Volanti et al. (2008) demonstrated a CuO flowershaped nanostructure processed by a hydrothermal microwave oven technique. In addition, the caltrop cupric oxide micro/nanoparticles including both Cu 2 O and CuO have been directly synthesized from Cu(COOCH 3 ) 2 aqueous solution by X-ray radiolysis within additive ethanol (Yamaguchi et al., 2017) .
Here, we have noticed that the additive ethanol plays a significant role in the reduction and synthesis of caltrop cupric oxide particles directly from solution by X-ray radiolysis (Yamaguchi et al., 2016a (Yamaguchi et al., ,b, 2017 . The reduction effect induced by the additive alcohol has been reported in sonochemistry (Gedanken, 2004; Nagata et al., 1992; Suslick et al., 1991; Bang & Suslick, 2010; Caruso et al., 2002; Mori et al., 2004) , hydrothermal microwave synthesis (Tsuji et al., 2005; Volanti et al., 2008; Dar et al., 2009) and photochemical reactions using UV radiation (Takami et al., 1999; Hashimoto et al., 2011; Bae et al., 2002; Bá rta et al., 2010; Long et al., 2009; Dar et al., 2009; Fleisch & Mains, 1982) . The reduction effect of alcohol should represent an important direction for the synthesis of nanomaterials using X-ray radiolysis (Remita et al., 2007; Yamaguchi et al., 2015 Yamaguchi et al., , 2016a Yamaguchi et al., ,b, 2017 Bharti et al., 2016) or -ray radiolysis (Dey, 2005 (Dey, , 2011 Bá rta et al., 2010) . We should investigate the controllability of cupric particle synthesis by linear alcohol chain number as additive and pH control in liquid solution using the X-ray radiolysis process to understand the mechanism of particle nucleation, ripening and aggregation. In this paper, we report the controlled synthesis and immobilization of caltrop cupric oxide particles by X-ray irradiation using synchrotron radiation, and their material properties.
Experimental setup
Synchrotron-radiation-induced X-ray radiolysis experiments were performed using beamline BL8S2 at the Aichi Synchrotron Radiation Center, Aichi Science and Technology Foundation, Japan. Based on our previous X-ray radiolysis experiment setup (Yamaguchi et al., , 2016a (Yamaguchi et al., ,b, 2017 , a 100 ml aliquot of 0.37 mol L À1 (M) Cu(COOCH 3 ) 2 (purchased from FUJIFILM Wako Pure Chemical Corporation, Wako 1st Grade) was prepared by diluting the stock solution before the following experiments. Here, ultra-pure water prepared by a Milli-Q system (Merck KGaA) was used for sample preparation.
We conducted two experiments to reveal the alkyl alcohol chain number dependence and the pH dependence of X-ray radiolysis-induced particle synthesis. At first, to study the chain length dependence, we performed X-ray irradiation of the cupric acetate, 0.37 M Cu(COOCH 3 ) 2 solution, including alkyl alcohol from methanol (R-1) to 1-decanol (R-10), and 2-propanol (R-2 0 ). All alkyl alcohols and 2-propanol were prepared as Wako 1st Grade from FUJIFILM Wako Pure Chemical Corporation. We siphoned off 200 mL of the stock solution, 0.37 M Cu(COOCH 3 ) 2 , into a microtube, and added 10 mL of each alcohol listed in Table 1 to obtain a mixed solution. We prepared 12 kinds of solution to investigate the alcohol chain length dependence of the X-ray radiolysisinduced particle synthesis. In addition, we prepared two kinds of solution using either acetone or acetic acid. The compositions of the prepared solution are summarized in Table 1 .
Next, we carried out an experiment to investigate the pH dependence of X-ray radiolysis; guaranteed reagent ammonia (NH 3 ) or hydrochloric acid (HCl), purchased from FUJIFILM Wako Pure Chemical Corporation, was added to control the pH of the 0.37 M Cu(COOCH 3 ) 2 solution with methanol. The pH of the original stock solution of 0.37 M Cu(COOCH 3 ) 2 was about 6. Accordingly, solutions with pH of 1, 3, 6, 7, 9 and 11 were prepared.
We siphoned off an 18 mL aliquot of each mixed solution and poured it into the apparatus for the liquid irradiation. A silicon substrate (size: 10 mm Â 10 mm; thickness: 525 mm; Matsuzaki Seisakusho Co. Ltd) was dipped into the solution in the apparatus. Then, the specimen was exposed to polychromatic X-ray irradiation for 5 min. The corresponding X-ray spectrum is shown in Fig. 1 . The irradiation experiment was performed at room temperature. After the irradiation, the specimen temperature was anticipated to be raised by about 15 C. After 5 min of X-ray irradiation, some particles and their aggregates were deposited and immobilized on the silicon substrate. The silicon substrates were taken out from the specimen and gently washed with ionized water to remove residual materials. Then, scanning electron microscopy (SEM) (FE-SEM, Jeol, JSM-7001F) with energy-dispersive X-ray spectroscopy (EDX) was performed. Raman spectra of the synthesized particles were also measured using a micro-Raman spectrometer (JASCO, NRS-5100). The excitation source had a wavelength of 532 nm (a green laser) and power of 3.2 mW, which was magnified using a 100Â field lens. The laser spot diameter was measured to be about 1 mm. All the characterization experiments were performed at room temperature.
Results and discussion
After X-ray irradiation and cleaning by ultra-pure water, SEM observation on all the irradiated substrates was performed. After irradiation, we also checked the SiN membrane windows to confirm whether or not any particles were synthesized and immobilized onto the membrane. As a result, 5 min of X-ray irradiation experiments to reveal the chain length dependence of additive alcohol show that no particles were nucleated when a silicon substrate was immersed in aqueous Cu(COOCH 3 ) 2 solution including no additive and the following alkyl alcohols: 1-butanol (R-4), 1-pentanol (R-5), 1-hexanol (R-6), 1-heptanol (R-7), 1-octanol (R-8), 1-nonanol (R-9) and 1-decanol (R-10). We found that the synthesis behavior with adding the alcohol induced by X-ray radiolysis drastically controls the chain length of the alkyl alcohol. The threshold chain length is found to be associated with the solubility character of alcohols. There is no limit on the amount of methanol (R-1), ethanol (R-2) and propanol (R-3) that can dissolve in a given quantity of water, while the solubility in water is limited by the fact that a hydrocarbon chain becomes longer than that of propanol (Barton, 1984) . This solubility is considered to be a key factor with respect to the synthesis of particles induced by X-ray radiolysis, as summarized in Table 2 .
Further, to investigate the redox properties, we confirmed that no particles were nucleated on a silicon substrate immersed in aqueous Cu(COOCH 3 ) 2 solution using acetone or acetic acid during the X-ray radiolysis. These results indicate that carboxylic acid and ketone are not appropriate reducing agents because C O coupling is too strong to provide an electron or radical into the solution (Yates & Shinozaki, 1993) . In the following, we focus on cases where synthesis and immobilization of particles occur on the silicon substrate.
Figs. 2 and 3 show typical SEM images and EDX analysis, observed and measured after 5 min of X-ray irradiation onto the Cu(COOCH 3 ) 2 solutions with methanol (R-1). As shown in Fig X-ray spectrum obtained at BL8S1 of Aichi Synchrotron Radiation Center. Barton (1984) . indicates that the morphologies of the synthesized particles are dependent on the types of alcohol. The particle shapes synthesized from the solution with methanol and 1-propanol look very similar and are different from those from the solution with ethanol and 2-propanol. However, the comparison of the EDX analysis indicates that the constituent element of these particles synthesized by X-ray radiolysis with respective additive alcohols are almost the same. These individual EDX results are not shown here, because the EDX spectra are almost identical to Fig. 3 . At the present stage, it is difficult to distinguish the compositions in the individual particles from the EDX analysis. Meticulously examining the EDX spectrum in Fig. 3 , a split spectrum or spectrum consisting of several peaks around 0.9 keV is obtained for the peak derived from the Cu L-shell. (Goldstein et al., 2003) . The characteristics are dependent on the selection rule and electron state modulated by the coupling and valence in the particles. This issue will be discussed later, again by showing the pH dependency of particle generation by X-ray radiolysis. The results are attributed to the competition between the particle nucleation and growth induced by the EDX spectrum measured from the position indicated by the red cross in the inset. The inset SEM image corresponds to the SEM image in Fig. 1(d) . effective reaction rate, which is dependent on the formation of radicals, scavenge rate and redox rate (Weiss, 1944 (Weiss, , 1946 Miller, 1950; Samuel & Magee, 1953; Henglein, 2000; Johnsen et al., 1969; Buxton et al., 1988; Ervens et al., 2003) . Now, we compare the size of the respective particles. To simplify the estimation of the synthesized particle size, we measure the blade length of the caltrop particles. The probability densities of the length of the particles synthesized by X-ray radiolysis with the additive (a) methanol (R-1), (b) ethanol (R-2), (c) 2-propanol (R-2 0 ) and (d) 1-propanol (R-3) are plotted as a function of blade length in Figs. 7(a), 7(b), 7(c) and 7(d), respectively. We imaged the particles immobilized onto the silicon substrate by SEM as displayed in Figs. 2, 4 , 5 and 6, respectively. Blade numbers 194, 125, 125 and 160 were measured from the SEM images in the parent populations of Figs. 7(a) , 7(b), 7(c) and 7(d), respectively. The blade length of particles gives an indication of the reactive characteristics. A higher ratio of the activity to reduce metallic ions or grow particles provides a longer blade length. The result shown in Fig. 8 indicates that the order of the average blade length in descending order is found to be [1] 2-propanol (R-2 0 ), [2] ethanol (R-2), [3] 1-propanol (R-3) and [4] methanol (R-1). The average blade length for the case (R-1) is almost half that of cases (R-2) and (R-2 0 ). Here, two aspects need to be considered with respect to 2-propanol (R-2 0 ). First, that (R-2 0 ) of 2-propanol is defined as an ethanol-like chain, of which the basic chain is the same but is connected to two CH 3 . Second, that the two CH 3 functional groups of 2-propanol are so small that its polarity is similar to methanol rather than ethanol. The tertiary carbon atom of 2-propanol is the strongest for the radicalization. Here, we adopt the scheme that simply aligns the chain length in order. We found that the length of the particle blade increases with the chain length for those below (R-2 0 ), while the opposite behavior is shown for (R-3). The result is attributed to the presence of the strongest radicalizing tertiary carbon atom in 2-propanol. We also found that the alcohols with longer chain length than the chain length of (R-4) cannot synthesize any particles. According to Suslick et al. (1991) , Bang & Suslick (2010) , Caruso et al. (2002) and , the particle size is inversely proportional to the alcohol concentration and the alkyl chain length. They argued that this is intimately related to the fact that alcohols absorbed on the surface of metal nuclei can limit the growth rate and can also stabilize particles of a smaller size, typically a few micrometres, to prevent further growth in sonochemical experiments. In sonochemical experiments, the volume where active cavitating bubbles appears and the number of cavitating bubbles dominates the reaction process because a sufficient amount of alcohol is absorbed at the bubble interface to scavenge the maximum number of radicals produced by collapsing bubbles. It can be seen that our experimental results show a different trend for the results obtained in the sonochemical experiments. According to Caruso et al. (2002) , the reduction process Au(III) ! Au(0) in a gold particle using AuCl 4 À solution with additive alcohol by -ray radiolysis is partly catalytic, as significantly less than three electrons from reducing radicals are required to achieve the reduction. It may be expected that the alcohol type may influence the reduction rate, as the total amount absorbed onto the particle surface is limited to achieve the suitable reaction and to obtain stability through a 
Figure 8
Average blade length as a function of linear alcohol chain number. This graph is a summary of the results shown in Fig. 7 . The error bars constitute 1, which are determined from the results in Fig. 7 . complex inter-relationship between different cupric materials and radical reactions.
Accordingly, we expose the aqueous solution with additive alcohols to X-ray radiation. As is well known, metallic particles are produced by a redox reaction within the solution. The X-ray or -ray irradiation technique enables us to easily induce chemical reactions to obtain novel metallic particles, as the X-ray or -ray irradiation from synchrotron radiation provides hydrogen and hydroxyl radicals in the following manner (Weiss, 1944 (Weiss, , 1946 Miller, 1950; Samuel & Magee, 1953; Henglein, 2000; Johnsen et al., 1969; Buxton et al., 1988) :
We also need to consider the additive alcohols. According to Henglein (2000) and Ervens et al. (2003) , the effects can be described as follows,
OH H ð Þ þ CH 3 CH 2 CH 2 OH !
Considering the reaction kinetics for a radical scavenger, the k H values of methanol (R-1), ethanol (R-2), 1-propanol (R-3) and 2-propanol (R-2 0 ) to OH are deduced to be 3:3 Â 10 8 , 1:05 Â 10 9 , 1:6 Â 10 9 and 2:1 Â 10 9 L mol À1 s À1 , respectively (Buxton et al., 1988; Ervens et al., 2003. Here, k H is the effective reaction rate constant. The value of k H for the OH reaction of methanol is the smallest among the values described here. The blade length in the case of ethanol is larger than that for 1-propanol, while k H for ethanol is smaller than that for 1propanol. This indicates that k H is not an adequate parameter to describe the reaction, and other physical or chemical parameters need to be considered.
Here, we check the activation energy associated with the Arrhenius equation.
Following the study considering the correlation between activation energy E A and bond dissociation energy, E A values of methanol, ethanol, 1-propanol and 2-propanol are given as 4.8, 10 AE 3, 8 AE 6 and 5 kJ mol À1 , respectively. 1 The activation energy of 2-propanol is smaller than for the others and the corresponding k H is the largest. This indicates that the strongest X-ray radiolysis-induced chemical reaction is expected for the additive 2-propanol. From Ervens et al. (2003) , k H of acetone and acetic acid are 3:5 Â 10 7 and 5:7 Â 10 6 L mol À1 s À1 , respectively. They are much smaller than the values for methanol, ethanol, 1-propanol and 2propanol. Here, it turns out that the reaction with acetone and acetic acid can be excluded. This is in good agreement with the probability densities of the particle length as shown in Fig. 8 .
Next, we show micro-laser Raman spectra in order to determine the composition of the cupric oxide particles as shown in Fig. 9 . The optical photographs shown in the insets in Fig. 9 represent the positions where the micro-Raman spectra are measured. The bright green position corresponds to the laser spot. A peak at 520 cm À1 is deduced to be the Raman signal from the Si substrate. There are three cupric oxide candidates: CuO, Cu 2 O and Cu 4 O 3 . Peaks at 283, 333 and 622 cm À1 are deduced to be Raman signals from the A g (283.8 cm À1 ) and B g (333.5 and 622.5 cm À1 ) modes of cupric oxide CuO (Zhang et al., 2014; Volanti et al., 2008; Yamaguchi et al., 2016b Yamaguchi et al., , 2017 Long et al., 2009) . Here, according to Debbichi et al. (2012) , A g and B g denote the Raman modes only with the oxygen atom displacement along the b direction and perpendicular to the b axis, respectively.
We also analyze the crystal structure of the particles synthesized the [Cu(CH 3 COO) 2 ] solution are 1/200 and 1/2000, respectively. In two cases, we siphoned off 200 mL of the stock solution, 0.37 M Cu(COOCH 3 ) 2 , into a microtube, and added 1 and 0.1 mL of ethanol, respectively. CuO is indeed synthesized by X-ray radiolysis in all cases. The particles synthesized with methanol and 2-propanol are formed to contain primarily Cu, while those particles obtained with ethanol and 1-propanol are composed of mostly CuO. This result indicates that the reaction is dependent on the linear alcohol chain structure. The formation of Cu 2 O is also confirmed in the particles synthesized with methanol and ethanol #(1/200). For Cu 4 O 3 , the (312) peak at 2 = 52.87 (PDF card: number 00-0033-0480) has a substantial overlap with the (020) CuO peak. Considering the micro-Raman spectroscopy and XRD measurement results, it is undeniable that the synthesized particles contain Cu 4 O 3 . Consequently, no single-phase Cu, Cu 2 O, CuO or Cu 4 O 3 particles are obtained but a mixture of these particles are formed with some carbonaceous particles through X-ray radiolysis. An amorphous state is also considered to be formed as part of the synthesized particles.
As investigated in the above studies, we propose the following possible reaction mechanism,
through the following reactions
2CuO þ Cu 2 O ! Cu 4 O 3 : ð4f Þ X-ray radiolysis of the Cu(COOCH 3 ) 2 solution in the presence of methanol, ethanol, 2-propanol or 1-propanol results in caltrop cupric oxide particles through the nucleation (Buxton et al., 1988; Ervens et al., 2003) , growth and aggregate process (LaMer & Dinegar, 1950; LaMer, 1952; Matijevic, 1994; Privman et al., 1999) . In these previous studies, methanol, ethanol or 2-propanol has been introduced as a OH scavenger to avoid oxidation of the metal particles. In our study, we find that 1-propanol can also contribute to the synthesis of particles in X-ray radiolysis using white X-rays of $ 12 keV, but alcohols whose chain lengths are longer than four lose the capability to synthesize the particles. The generation process of highly active radicals which can reduce the metallic ions can be controlled by X-ray energy, flux and the chain length of the additive alcohol. Finally, we investigated the pH dependence of X-ray radiolysis with ethanol. We cannot obtain particles immobilized on the substrates except for the cases of pH = 3, 6 and 7. Therefore, we describe only the experimental results for the particles obtained in the cases of pH = 3, 6 and 7. Fig. 11 shows SEM images of the particles synthesized for the respective conditions. In the case of pH = 3, monodisperse cubic particles are immobilized onto the silicon substrate after washing. In contrast, round-shaped particles are obtained in the case of pH = 7. The corresponding EDX analyses are summarized in Table 3 . It should be noted that cubic particles synthesized in the case of pH = 3 do not contain oxygen, while the other particles synthesized at pH = 6 and 7 include oxygen. Judging from the SEM observation and EDX analysis, the particles obtained at pH = 3 are considered to be pure Cu cubic particles with (100) faces (Mott et al., 2007) . The composition ratios of copper and oxygen are almost the same for both cases of pH = 6 and 7. Here, the EDX splitting peak around 0.9-1.0 keV needs to be considered as it is a signature of the presence of Cu as described above. By comparing each spectrum in Fig. 11(d) , the EDX spectrum is not split for pH = 3, while the other spectra are split or composed of several peaks. The difference is attributed to the selection rule, splitting degeneracy and electron state modulation by oxidization (Johnsen et al., 1969) . Besides, the Raman spectra of both particles obtained at pH = 6 and 7 in Fig. 12 are similar. Hence, we conclude that the particles synthesized at pH = 6 and 7 are similar in composition even though the shapes are different. The rather smooth surface of the spherical polycrystals may be due to the dependence of the pH on the kinetic growth speed of the crystal faces due to the differences in surface energy, resulting in differences in capping agent adsorption. It is very important to note that the final size and shape of the particles is not solely dependent on the seed shape but also on the total growth time of the particle, as previously reported (Dey, 2005 (Dey, , 2011 Bá rta et al., 2010; Yamaguchi et al., 2015 Yamaguchi et al., , 2016a Yamaguchi et al., ,b, 2017 Bharti et al., 2016) as well as solution pH. Thus, X-ray radiolysis, pH, X-ray radiation time and additive alcohol are key parameters to achieve precise control of the particle formation. Our investigation demonstrates the novel synthesis of caltrop cupric oxide particles deposited onto a Si substrate under the irradiation of synchrotron radiation X-rays. This work also leads to additive alcohol chain number dependence of synthesized particles, helping to understand the process and mechanism of synthesis of the particles. The size, shape and stability of the cupric particles are found to be controlled by the pH, X-ray irradiation time and additive alcohol type. This method allows us to achieve fast synthesis of nano/microparticles and clusters in solution at room temperature. Therefore, our preparation method is applicable to engineering processes such as additive manufacturing processes and three-dimensional printing (Saile et al., 2009; Sachs et al., 1992; Gibson et al., 2015) .
Conclusion
Caltrop cupric oxide particles have been prepared successfully in cupric acetate Cu(COOCH 3 ) 2 solution with additive alcohol using X-ray radiolysis. The blade length of the synthesized particles is found to be dependent on the chain length of the additive alkyl alcohol. Here, there is an upper limit of the chain length of the alcohol to synthesize the particles in aqueous solution of three. This suggests that competition between the generation of hot radicals, which can reduce the metallic ions, and the scavenging activity of OH radicals occurred during the synthesis. In other words, the nucleation stage and growth process of particles in the X-ray radiolysis can be controlled by X-ray energy, flux and chain length of the additive alkyl alcohol. The chain length dependence of the synthesized particles provides a glimpse of the X-ray radiolysis.
Direct X-ray irradiation using a synchrotron radiation source can shed light on exploring novel physical and chemical mechanisms of liquid/solid interlayer reaction process from a liquid phase. Our deposition process can be utilized as a means of fabricating higherorder nano/microstructure consisting of metallic particles and metal oxide particles onto a lab-on-a-chip and micro-Total-Analysis-System (mTAS) device for chemical, environmental and diagnosing analyses. The development of this method enables integrating threedimensional printing and additive manufacturing.
Figure 11
SEM images of cupric particles synthesized by X-ray radiolysis at pH = 3 (a), 6 (b) and 7 (c). Highresolution SEM images are shown in the lower images. (d) Comparison of EDX spectra obtained from the red-cross points shown in (a), (b) and (c).
Figure 12
Micro-laser Raman spectra of the particles synthesized by the X-ray irradiation of aqueous Cu(COOCH 3 ) 2 solution at pH = 6 and 7.
